ABSTRACT
Introduction
The ternary intermetallic compounds of general formula RE 5 T 4 X 10 (RE = rare earths; T = Co, Ni, Rh, Ir and Os and X = Si, Ge, Sn) have been reported mostly for their interesting physical properties . These compounds crystallize in the tetragonal Sc 5 Co 4 Si 10 structure type having P4/mbm space group [1] . As per Pearson crystallographic database [23] and inorganic crystal structure database [24] , there are 37 compounds reported within the family of RE 5 T 4 X 10 compounds and are listed in Table 1. Among them only three were studied for the crystal structure from the single crystal XRD data, including our recent discovery of Yb 5 Ni 4 Ge 10 mixed valent Yb atoms [2] . However, the majority of these compounds were studied for their physical properties. For examples, the non-magnetic RE 5 T 4 X 10 (RE = rare earths; T = Co, Rh, Ir, and Os; X = Ge, Si) compounds were reported as superconductors at low temperatures [5, 12, [17] [18] [19] . The RE 5 Rh 4 X 10 (RE = Gd, Tb, Dy, Ho, Er, Tm; X = Si, Ge, Sn) and Dy 5 Ir 4 Si 10 compounds were reported for their interesting magnetic properties and all of them order either ferromagnetically or antiferromagnetically at low temperature [11, 18, 20, 21] .
Katoh et al. synthesized the Yb 5 Co 4 Ge 10 compound in the polycrystalline nature using Bridgman method [22] . They have proposed the mixed valent nature of Yb in Yb 5 Co 4 Ge 10 based on the magnetic susceptibility data. In order to understand the structure-property relationship, we need to study the complete crystallography analysis from a high quality single crystal. The chemical bonding nature obtained from the crystal structure can be used to explain the valency of the Yb atoms. Recently, molten metal fluxes have been used as an excellent alternative to the conventional synthetic methods for the exploratory synthesis of new rare earth intermetallic compounds, as well as single crystal growth of already reported compounds [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
In this paper, we report the single crystal growth of Yb 5 Co 4 Ge 10 using liquid indium metal flux technique. The crystal structure of this compound has refined from the single crystal XRD data. We also discuss the crystal structure and chemical bonding of Yb 5 Co 4 Ge 10 and compared with other compounds.
Experimental Section

Synthesis
The following reagents were used as purchased without further purification: Yb (in the form of metal pieces cut from metal chunk, 99.99% Alfa Aesar), Co (powder, 
Elemental Analysis
Semi-quantitative microanalyses were performed on the single crystals obtained from the flux techniques using a scanning Leica 220i electron microscope (SEM) equipped with Bruker 129 eV energy dispersive X-ray analyzer (EDS) 
Single Crystal X-Ray Diffraction
Single crystal structural data of Yb 5 Co 4 Ge 10 was collected at room temperature on rod shaped single crystals using a Bruker Smart-CCD diffractometer equipped with The programme SAINT [40] was used for integration of diffraction profiles and absorption correction was made with SADABS programme [41] . The systematic absences were leading to the centrosymmetric space group P4/mbm. However, the Platon program within WinGx system, ver. 1.80.05 [42] was used to check the additional symmetry, and this was not suggesting any additional symmetry. The structure was solved by SHELXS 97 [43] and refined by a full matrix least-squares method using SHELXL [44] with anisotropic atomic displacement parameters for all atoms. Packing diagrams were generated with Diamond [45] . In order to check for the correct composition, the occupancy parameters were refined in a separate series of least-squares cycles. All bond lengths are within the acceptable range compared to the theoretical values. Details of the crystallographic data are given in Tables 2 to 5. 
The anisotropic displacement factor exponent takes the form: −2π 2 [h 2 a* 2 U 11 + ··· + 2hka*b*U 12 ]. 
Results and Discussion
Structure Refinement of Yb 5 Co 4 Ge 10
The atomic parameters of Sc 5 Co 4 Si 10 [1] were taken as starting parameters and the structure was refined using SHELXL-97 (full-matrix least-squares on F 2 ) [43] with anisotropic atomic displacement parameters for all atoms. As a check for the correct composition, the occupancy parameters were refined in a separate series of leastsquares cycles. Our data confirms the previous X-ray powder data [5] , but the atomic positions have been refined with higher precision. Single crystals of Yb 5 Co 4 Ge 10 from different synthesis batches were used for the data collection. In the first step of refinement on the single crystal data collected shows that Yb 5 Co 4 Ge 10 crystallizes in a primitive tetragonal lattice (P4/mbm) within the Sc 5 Co 4 Si 10 type structure and lattice constants are a = b = 12.6369 (18) Å and c = 4.1378 (8) Å. This refinement resulted in seven crystallographical positions (three Yb, one Co and three Ge) in the Yb 5 Co 4 Ge 10 structure. The data collection and structure refinement for Yb 5 Co 4 Ge 10 are listed in Table 2 .
The standard atomic positions and isotropic atomic displacement parameters of this compound are collected in Table 3 . The anisotropic displacement parameters and important bond lengths are listed in Tables 4 and 5 , respectively. Further information on the structure refinements is available from: Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), by quoting the Registry Nos. CSD-425832.
Crystal Chemistry of Yb 5 Co 4 Ge 10
The crystal structure of Yb 5 Co 4 Ge 10 along c-axis is shown in Figure 2 . [46, 47] , Yb3 prefer to be in large cage and others (Yb1 and Yb2) are in the smaller cages.
We also compared the covalent radii and the unit cell volume four Yb based compounds reported in this family, as shown in Figure 3 . The cell volume of the compounds increases as the covalent radii of the transition metals except in case of Co where there is drop in the cell volume. The drop in the cell volume for Co analogue is due to the major contribution of small size trivalent Yb atoms which was already confirmed in the magnetic susceptibility of two compounds where Yb 5 Ni 4 Ge 10 has only 78% Yb 3+ and Yb 5 Co 4 Ge 10 has 94% Yb 3+ . The comparison of covalent radii in Figure 3 also suggests that the metals like Fe, Ru, Os, Pt and Pd are suitable candidates for the formation Yb 5 T 4 Ge 10 compounds because the covalent radii of these metals are within the range of the reported compounds. This assumption can also be supported by the fact that Yb has the ability to show mixed valent compounds to stabilize the compounds.
Concluding Remarks
High quality single crystals of Yb 5 Co 4 Ge 10 were obtained from the metal flux technique and the crystal structure of Yb 5 Co 4 Ge 10 was studied using single crystal X-ray diffraction. Metal flux technique has been proved as vital synthesis method to obtain high quality single crystals. An absolute structure-property relation can be established by understanding the crystal structure from the single crystal X-ray data. Our study opens a lot of scope to find the crystal structure of the compounds which have not been studied as listed in Table 1 and the synthesis of new compounds as expected based on covalent radii comparison of transition metals.
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